The striatum contains a rich variety of cyclic nucleotide phosphodiesterases (PDEs), which play a critical role in the regulation of cAMP and cGMP signaling. The dual-substrate enzyme PDE10A is the most highly expressed PDE in striatal medium-sized spiny neurons (MSNs) with low micromolar affinity for both cyclic nucleotides. Previously, we have shown that systemic and local administration of the selective PDE10A inhibitor TP-10 potently increased the responsiveness of MSNs to cortical stimulation. However, the signaling mechanisms underlying PDE10A inhibitor-induced changes in corticostriatal transmission are only partially understood. The current studies assessed the respective roles of cAMP and cGMP in the above effects using soluble guanylyl cyclase (sGC) or adenylate cyclase (AC) specific inhibitors. Cortically evoked spike activity was monitored in urethane-anesthetized rats using in vivo extracellular recordings performed proximal to a microdialysis probe during local infusion of vehicle, the selective sGC inhibitor ODQ, or the selective AC inhibitor SQ 22536. Systemic administration of TP-10 (3.2 mg/kg) robustly increased cortically evoked spike activity in a manner that was blocked following intrastriatal infusion of ODQ (50 M). The effects of TP-10 on evoked activity were due to accumulation of cGMP, rather than cAMP, as the AC inhibitor SQ was without effect. Consistent with these observations, studies in neuronal NO synthase (nNOS) knock-out (KO) mice confirmed that PDE10A operates downstream of nNOS to limit cGMP production and excitatory corticostriatal transmission. Thus, stimulation of PDE10A acts to attenuate corticostriatal transmission in a manner largely dependent on effects directed at the NO-sGC-cGMP signaling cascade.
Introduction
Cyclic nucleotides are second messengers involved in the modulation of synaptic transmission, homeostatic mechanisms, and gene expression (Greengard, 2001) . Striatal medium-sized spiny neurons (MSNs) contain high levels of key enzymes involved in the synthesis and metabolism of cAMP and cGMP, including adenylate cyclases (ACs), soluble guanylyl cyclases (sGCs), and cyclic nucleotide phosphodiesterases (PDEs) (Menniti et al., 2006) . Activation of AC and sGC in the striatum is controlled by a variety of neurotransmitters (e.g., dopamine [DA] , adenosine, glutamate) acting through G-protein coupled receptors and nitric oxide (NO) synthesis, respectively (Nishi et al., 2005; Threlfell and West, 2013) . Metabolism of cAMP and cGMP occurs exclusively via activation of various PDEs (although efflux and extracellular metabolism may contribute significantly in some tissues) (Conti and Beavo, 2007; Hofer and Lefkimmiatis, 2007; Xie et al., 2011) .
There are 21 human 3Ј,5Ј-PDE genes organized into 11 distinct families primarily based on sequence homology, kinetic properties, and substrate specificities (Bender and Beavo, 2006; Lugnier, 2006; Omori and Kotera, 2007) . Splice variants within each family allow further diversity by introducing elements for subcellular localization. Beyond simply terminating cGMP or cAMP signaling, PDEs regulate the spatial and temporal compartmentalization of cyclic nucleotides, essentially sculpting the pattern of signaling by virtue of their differential regulation, localization, and enzymatic activity. In the rat, at least seven PDE families are expressed at moderate to high levels in the striatum (Menniti et al., 2006) . Among these, the dual-substrate enzyme PDE10A (Fujishige et al., 1999 (Fujishige et al., , 2000 Loughney et al., 1999; Soderling et al., 1999) is relatively unique because it is expressed at high levels almost exclusively in striatal MSNs (Seeger et al., 2003; Coskran et al., 2006; Sano et al., 2008; Xie et al., 2011) . Interestingly, inhibition of PDE10A via intrastriatal infusion of the selective inhibitor TP-10 increased the responsiveness of striatal MSNs to cortical input (Threlfell et al., 2009) . Similar outcomes were obtained with systemic administration of TP-10. An increase in the responsiveness of striatonigral MSNs to antidromic activation during stimulation of the substantia nigra pars reticulata was also observed (Threlfell et al., 2009 ). These observations are consistent with previous studies showing that, under physiological conditions, drugs that augment cAMP or cGMP levels in MSNs (e.g., PDE inhibitors, NO generators, or cyclase activators) generally facilitate membrane excitability and corticostriatal transmission (Colwell and Levine, 1995; West et al., 2002; West and Grace, 2004; Tseng et al., 2011; Threlfell and West, 2013) . However, the relative contributions of the AC-cAMP and NO-sGC-cGMP signaling pathways in mediating the effects of dual-substrate PDEs, such as PDE10A are not known.
Therefore, the current study used single-unit recordings to compare the effects of intrastriatal infusion of selective sGC and AC inhibitors on the facilitatory effects of PDE10A inhibition on corticostriatal transmission in the anesthetized rat. In addition, we compared the upstream elements of the signaling cascades regulated by PDE10A in neurochemical and electrophysiological studies using nNOS KO mice.
Materials and Methods
Drugs. Urethane, Cremophor EL, 2-hydroxypropyl-␤-cyclodextrin, and 9-(tetrahydro-2-furanyl)-9H-purin-6-amine (SQ 22536) were purchased from Sigma Chemical. The selective sGC inhibitor 1H- [1, 2, 4] oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ) (Garthwaite et al., 1995; Cechova and Pajewski, 2004) was purchased from Tocris Bioscience. 2-{4-[-Pyridin-4-yl-1-(2,2,2-trifluoroethyl)-1H-pyrazol-3-yl]-phenoxymethyl}-quinoline succinic acid (TP-10) was synthesized at Pfizer Global Research and Development. All other reagents were of the highest grade commercially available.
In electrophysiological studies in rats combining systemic TP-10 administration and local reverse microdialysis of sGC and AC inhibitors, TP-10 (3.2 mg/kg s.c.) was dissolved in vehicle consisting of 10% Cremophor EL in physiological saline, and drug or vehicle was injected 10 min before recording. aCSF, ODQ (50 M), or SQ 22536 (100 M) was intrastriatally infused via reverse dialysis for at least 20 min before recording striatal neuron activity. The concentration of drug in the tissue immediately adjacent to the probe is estimated to be ϳ10% of the concentration in the perfusion fluid (West and Galloway, 1997) . Furthermore, the diffusion of drug into the extracellular space and brain parenchyma is expected to result in substantially lower concentrations at the soma of the neuron being recorded. In electrophysiological studies in mice, TP-10 (3.2 mg/kg s.c.) was dissolved in vehicle consisting of 40% 2-hydroxypropyl-␤-cyclodextrin solution and administered systemically (s.c.) ϳ10 min after obtaining stable baseline recordings (within-subjects design). One hour after drug, additional cells were isolated and recorded (70 -180 min) as described below (between-subjects design). In neurochemical studies, TP-10 was dissolved in vehicle consisting of 2-hydroxypropyl-␤-cyclodextrin solution (10%) and administered (3.2 mg/kg, s.c.) 30 min before tissue harvesting (see below).
In vivo extracellular single-unit recordings: rat studies. Electrophysiological recordings were performed on 46 male Sprague Dawley (Harlan) rats weighing 240 -390 g. Rats were housed two-per cage under conditions of constant temperature (22°C) and maintained on a 12:12 h light/ dark cycle with food and water available ad libitum. All animal procedures were approved by the Rosalind Franklin University of Medicine and Science Institutional Animal Care and Use Committee and adhere to the Guide for the Care and Use of Laboratory Animals published by the United States Public Health Service. Rats were anesthetized deeply with urethane (1.5 g/kg in physiological saline). Cortical and striatal local field potentials were monitored as previously described (Tseng et al., 2011) to confirm that all recordings were performed while the animal was in a deeply anesthetized state. Temperature was monitored using a rectal probe and maintained at 37°C using a heating pad (Vl-20F, Fintronics). To minimize pain or discomfort, a solution of lidocaine HCl (2%) and epinephrine (1:100,000) (Henry Schein) was injected into the scalp (s.c.) in a volume of ϳ0.3 ml and allowed to diffuse for several minutes. An incision (ϳ2-4 cm) was then made in the scalp, and burr holes (ϳ2-3 mm in diameter) were drilled in the skull overlying the right hemisphere of the frontal cortex (coordinates: 3.0 -4.0 mm anterior from bregma, 1.5-2.2 mm lateral from the midline) and dorsal striatum (coordinates: Ϫ0.5 to 2.0 mm anterior from bregma, 2.0 -3.5 mm lateral from the midline). In a subset of studies, to enable antidromic stimulation of the substantia nigra pars reticulata (SNr), an additional burr hole was made overlying the right hemisphere of the SNr (coordinates: 5 mm posterior from bregma, 2.5 mm lateral from the midline). Electrophysiological recordings were performed as previously described (Threlfell et al., 2009; Sammut et al., 2010; Tseng et al., 2011) . Briefly, extracellular microelectrodes were lowered incrementally through the dorsocentral striatum while single-pulse electrical stimuli were delivered to the cortex to isolate responsive single units. Our laboratory and others have used this approach to mimic naturally occurring corticostriatal synaptic drive in the anesthetized preparation (Mallet et al., 2005; Ondracek et al., 2008; Threlfell et al., 2009; Sammut et al., 2010; Sharott et al., 2012) . Because the low-frequency test pulses used in this approach simultaneously activate powerful convergent glutamatergic inputs to striatal MSNs, this cortical stimulation closely reproduces the natural glutamate-driven transition to the up state and action potential generation observed to occur spontaneously in MSNs in intracellular recording studies (e.g., West and Grace, 2004) . Thus, the examination of drug and genotypeinduced changes in cortically evoked spike activity provides important insight into the mechanisms involved in controlling synaptically driven spike activity and striatal output. Local drug administration using reverse microdialysis was achieved using probes implanted into the dorsal striatum, and extracellular recordings were initiated ϳ3 h after probe implantation (Threlfell et al., 2009) . Electrodes were positioned to enter the brain surface ϳ1 mm lateral to the probe and lowered at a 10°angle. Orthodromic and antidromic stimulation protocols, histological assessment, and data analysis were performed as previously described (Threlfell et al., 2009) . Antidromic activation was used as in previous studies by our laboratory (Threlfell et al., 2009; Sammut et al., 2010) and others (e.g., Mallet et al., 2005) to identify a subpopulation of recorded neurons as striatonigral (MSN) projection cells. All unidentified cells included in this study had electrophysiological properties that were indistinguishable from the identified striatonigral MSNs. Furthermore, striatal neurons exhibiting spike characteristics resembling cholinergic or nitrergic cells (tonic or regular firing at a rate of ϳ1-4 Hz) or fast-spiking interneurons (respond to low intensity cortical stimulation with a high-frequency train of short duration (Ͻ 0.9 ms) action potentials) (Mallet et al., 2005; Sharott et al., 2012 ) (see Fig. 4C ) were not included in the current dataset. The statistical significance of drug-induced effects on neuronal activity was determined using either a 2 test or two-way ANOVA (Sigma Stat, Jandel). A Tukey post hoc test was used to determine which group(s) contributed to overall differences observed with ANOVA.
In vivo extracellular single-unit recordings: mouse studies. All mouse procedures were approved by the Rosalind Franklin University of Medicine and Science Institutional Animal Care and Use Committee as described above for the rat studies. Experiments were performed on 19 male C57BL/6J wild-type and nNOS KO mice (8 -10 weeks old) purchased from The Jackson Laboratory. Mice were anesthetized deeply with urethane (1.5 g/kg in physiological saline) and placed in a stereotaxic mouse adaptor (Narishige) fitted to the stereotaxic instrument used in the rat studies. Bipolar stimulating electrodes were implanted unilaterally into the frontal cortex using a micromanipulator (coordinates from bregma: 2 mm anterior, 2 mm lateral, and 1.2 mm ventral; Paxinos and Franklin, 2012) (see Fig. 4A ). Glass extracellular electrophysiological recording electrodes were implanted into the striatum ipsilateral to the cortical stimulating electrode (coordinates from bregma: 0.1-1.0 mm anterior, 1.8 -2.0 mm lateral, 1.5-3.5 mm ventral). Stimulation currents were titrated to an intensity (range, 280 -3000 A), which reliably evoked spike activity ϳ50% of the time to enable comparisons of cortically evoked activity across genotype and drug treatment groups. Next, the spontaneous (no stimulation) activity of striatal neurons was recorded for ϳ2-3 min. MSNs were classified as "spontaneously active" if they fired Ͼ1 action potential in the first 120 s of the recording epoch. The response to cortical stimulation was then reaffirmed before searching for the next cell (Ondracek et al., 2008; Sammut et al., 2010) . Histological outcomes and data were analyzed as described above in the rat studies.
Neurochemistry. All animal experiments were performed according to National Institutes of Health and Pfizer Institutional Animal Care and Use Committee guidelines. Neurochemical experiments were performed on 24 male C57BL/6J and nNOS wild-type and KO mice purchased from The Jackson Laboratory. Brain tissue measures of cGMP and cAMP accumulation following drug administration were performed as previously described using focused microwave fixation of brain tissue . Regions of interest were isolated and homogenized in 0.5 N HCl followed by centrifugation. Supernatant concentrations of cyclic nucleotides were measured using enzyme immunoassay kits (Cayman Chemical). Statistical analysis was performed with GraphPad Prism (version 6.03) using two-way ANOVA with post hoc comparisons using a Bonferroni correction with the criterion for significance set at p Ͻ 0.05.
Results

Stimulating and recording electrode placements
In rat studies, all stimulating electrode tips were confirmed to lie in the frontal cortex between 3.2 and 4.2 mm anterior to bregma, 1.4 -2.5 mm lateral from the midline, and 1.0 -3.0 mm ventral to the brain surface (Paxinos and Watson, 1998) . Identified placements for extracellular recording electrodes implanted into the striatum were verified to lie between 1.2 mm anterior and 0.26 mm posterior from bregma, 1.8 -3.9 mm lateral from midline, and 3.7-5.6 mm ventral to the brain surface (Paxinos and Watson, 1998) .
In mouse studies, all stimulating electrode tips were confirmed to lie in the frontal cortex between 0.97 and 2.09 mm anterior to bregma, 1.0 -2.0 mm lateral from the midline, and 0.8 -1.5 mm ventral to the brain surface (Paxinos and Franklin, 2012) . Identified placements for extracellular recording electrodes implanted into the striatum were verified to lie between 0.13 and 1.09 mm anterior to bregma, 1.5-2.0 mm lateral from midline, and 1.5-3.0 mm ventral to the brain surface (Paxinos and Franklin, 2012 ) (see Fig. 4C ).
Role of cAMP and cGMP signaling in the facilitatory effects of PDE10A inhibition
The ability of PDE10A inhibition to affect corticostriatal signaling does not address the issue of which cyclic nucleotide may be mediating this effect. To address this question directly, we examined whether inhibition of sGC or AC altered the excitatory effects of systemic TP-10 using reverse microdialysis of the inhibitors ODQ and SQ, respectively. A range of stimulation intensities was applied in counterbalanced order for stimulus intensity across cells (i.e., the trial order of 600, 800, and 1000 or 1000, 800, or 600 A and was alternated for each cell). Cells recorded from vehicle-treated animals exhibited an increase in mean Ϯ SEM spike probability and a trend toward a decrease in mean spike onset latency that was dependent on increasing cortical stimulation intensities (Fig. 1 ). Significant main effects of TP-10 administration on spike probability were observed across all three stimulation intensities (F (1,124) ϭ 36.843, p Ͻ 0.001; two-way ANOVA and Tukey post hoc test). Furthermore, significant main effects of current intensity on spike probability were observed within each of the treatment groups (F (2,124) ϭ 11.787, p Ͻ 0.001; two-way ANOVA and Tukey post hoc test). No significant interactions were observed between drug treatment and stimulation intensity ( p Ͼ 0.05). Pairwise comparisons revealed that systemic TP-10 administration induced a robust increase in spike probability for each applied stimulation trial compared with vehicle-treated controls ( Fig. 1 ; p Ͻ 0.01, p Ͻ 0.001). Significant main effects of TP-10 administration on spike onset latency were also observed (F (1,112) ϭ 8.064, p Ͻ 0.01; two-way ANOVA and Tukey post hoc test). No significant main effects of stimulation intensity or interactions between drug treatment and stimulation intensity on spike onset latency were observed ( p Ͼ 0.05). Pairwise comparisons revealed that, at higher stimulus intensities (800 -1000 A), a strong trend toward a decrease in onset latency was observed in MSNs recorded in TP-10 treated rats ( Fig. 1 ; p ϭ 0.071 at 800 A and p ϭ 0.082 at 1000 A).
We next compared the effects of intrastriatal ODQ infusion on systemic vehicle and TP-10-mediated changes in cortically evoked spike activity (Fig. 2 , left). Significant main effects of TP-10 administration and intrastriatal ODQ infusion on spike probability were observed across all three stimulation intensities (F (3,241) ϭ 20.247, p Ͻ 0.001; two-way ANOVA and Tukey post hoc test). Significant main effects of current intensity were also observed within each of the treatment groups (F (2,241) ϭ 22.979, p Ͻ 0.001; two-way ANOVA and Tukey post hoc test). No significant interactions were observed between drug treatment and stimulation intensity ( p Ͼ 0.05). Pairwise comparisons revealed that intrastriatal infusion of the selective sGC inhibitor ODQ (50 M) did not affect cortically evoked spike activity when administered before vehicle ( p Ͼ 0.05). However, ODQ infusion attenuated the facilitatory effects of TP-10 on cortically evoked spike activity as significant differences were observed between TP-10/vehicle-and TP-10/ODQ-treated groups ( Fig. 2, left ; p Ͻ 0.05, p Ͻ 0.001). No significant main effects of ODQ or TP-10/ODQ treatment on spike onset latency were observed ( Fig.  2, left ; p Ͼ 0.05).
Last, we compared the effects of intrastriatal SQ 22536 infusion on systemic vehicle-and TP-10-mediated changes in cortically evoked spike activity (Fig. 2, right) . Significant main effects of TP-10 and SQ 22536 coadministration on spike probability were observed across increasing current intensities (F (2,181) ϭ 18.553, p Ͻ 0.001; two-way ANOVA and Tukey post hoc test). Furthermore, significant main effects of current intensity were observed across treatment groups (F (2,181) ϭ 15.064, p Ͻ 0.001; two-way ANOVA and Tukey post hoc test). No significant interactions were observed between drug treatment and stimulation intensity ( p Ͼ 0.05). Pairwise comparisons revealed that systemic TP-10 administered with local SQ 22536 induced a robust increase in spike probability that was similar to that observed with local vehicle/systemic TP-10 treatment and significantly different from vehicle/systemic vehicle-treated controls ( Fig. 2, right ; p ϭ 0.05, p Ͻ 0.05, p Ͻ 0.01). Significant main effects of TP-10/SQ 22536 treatment on spike onset latency were observed (F (2,168) ϭ 4.672, p Ͻ 0.05; two-way ANOVA and Tukey post hoc test); however, pairwise comparisons were not significant ( Fig. 2, right ; p Ͼ 0.05). The incidence of antidromically identified striatonigral MSNs was not different across treatment groups (Table 1 ; p Ͼ 0.05; 2 test). This observation is in contrast to our previous report that TP-10 administration increases the proportion of striatonigral MSNs responding to antidromic activation (Threlfell et al., 2009). However, a much smaller sample size was avail-able in the current study, and this, together with the implantation of the microdialysis probe, may have led to these negative findings. Last, consistent with our previous study (Threlfell et al., 2009) , no significant differences in spontaneous firing activity were observed across treatment groups (Table 2 ; p Ͼ 0.05).
nNOS is required to produce TP-10-mediated elevations in striatal cGMP Although sensitivity to inhibition of sGC implicates cGMP in the TP-10-mediated augmentation of corticostriatal activity, the results do not clarify the role of nNOS as an upstream mediator of the PDE10A inhibitor effects. Thus, we used nNOS KO animals to probe the enzymatic source of the cGMP pools being hydrolyzed by PDE10A. Age-and strain-matched wild-type (WT) and nNOS KO mice were treated with TP-10 (3.2 mg/kg, s.c.) 30 min before collection of striatal tissue samples for the determination of both cGMP and cAMP. Consistent with previous observations , TP-10 treatment resulted in significant increases in striatal cGMP and cAMP in WT animals (Fig. 3) . For striatal cGMP, the effect of both treatment (F (1,17) ϭ 37.28, p Ͻ 0.001; two-way ANOVA and Bonferroni post hoc test) and genotype (F (1,17) ϭ 110.4, p Ͻ 0.001; two-way ANOVA and Bonferroni post hoc test) was significant with a significant interaction (F (1,17) ϭ 30.74, p Ͻ 0.001; two-way ANOVA and Bonferroni post hoc test). Post hoc analysis revealed a significant effect of TP-10 on cGMP accumulation in WT but not KO mice ( p Ͻ 0.05), as well as a significant difference between vehicletreated WT and nNOS KO mice ( p Ͻ 0.05). For striatal cAMP, only the effect of treatment was significant, with TP-10 increasing cyclic nucleotide levels to the same extent in both WT and KO mice (F (1,20) ϭ 43.34, p Ͻ 0.001; two-way ANOVA and Bonferroni post hoc test).
Impact of nNOS KO on spontaneous and cortically evoked spike activity
To determine whether decreased NO-cGMP tone impacts on corticostriatal transmission, we compared cortically evoked and spontaneous spike activity in striatal MSNs recorded from nNOS KO mice with age and strain-matched WT controls (Fig. 4 B, C) . We discovered in initial experiments that the normal current input/spike output relationship observed in MSNs recorded in rats and WT mice was disrupted in nNOS KO mice. Remarkably, current intensities ranging from 600 to 1000 A were rarely sufficient to evoke spike activity in nNOS KO mice (Fig. 4) . Given that consistent spike activity could be evoked with current intensities Ͼ1.0 mA in both WT and nNOS KO mice, we used an alternative stimulation paradigm in which spike probability is titrated to ϳ50% by the experimenter and the current intensity is recorded as the experimental variable. No significant difference in spike probability (titrated to 50% by the experimenter) was observed between WT and nNOS KO mice, indicating that currents were accurately titrated so as to allow for genotype comparisons across groups (Fig. 4 B, D ; p Ͼ 0.05, t test). Interestingly, nNOS KO mice required significantly higher current amplitudes to evoke spike activity ϳ50% of the time, suggesting that, in the intact striatum, NO-cGMP signaling plays a key role in mediating synaptic facilitation during stimulation of corticostriatal pathways ( Fig. 4E ; p Ͻ 0.001, t test). It is also worth noting that with this stimulation paradigm, relatively high current intensities were required to drive spike activity in a subpopulation of striatal MSNs recorded in WT controls (Fig. 4E ).
These observations indicate that a less excitable subpopulation of MSNs exists in the normal mouse striatum that would not normally be recruited to spike by the standard stimulation protocol used in the current rat studies and our previous reports (e.g., see Ondracek et al., 2008; Threlfell et al., 2009; Sammut et al., 2010) . This may be due in part to suboptimal placement of cortical stimulating electrodes in relation to cortical innervation of this particular subpopulation of MSNs, lower intrinsic excitability of these cells, or a combination of these factors. No significant differences in spike latency ( Fig. 4F ; p Ͼ 0.05, t test) or SD of spike latency (data not shown; p Ͼ 0.05, t test) were observed between groups. Interestingly, a significant difference was found between groups regarding the spontaneous activity (percentage of cells firing vs quiescent) of striatal MSNs that responded robustly to cortical stimulation. In these studies, ϳ50% of striatal MSNs in the WT group were spontaneously active, compared with only 24% in the nNOS KO group ( Fig. 4G ; p Ͻ 0.05, 2 test), supporting pharmacological observations that NO signaling facilitates both corticostriatal transmission and the generation of spontaneous spike activity (West and Grace, 2004; Ondracek et al., 2008; Sammut et al., 2010) . No significant differences in firing rate ( Fig. 4H ; p Ͼ 0.05, t test) or coefficient of variance of interspike interval ( Fig. 4I ; p Ͼ 0.05, t test) were observed between groups.
nNOS is required to produce TP-10-mediated elevations in cortically evoked spike activity Given that nNOS KO mice exhibit compromised cGMP synthesis and depressed cortically evoked and spontaneous MSN spike activity, we recorded additional cells in the same cohort of WT and nNOS KO mice to test whether upstream NO derived from nNOS is necessary for the facilitatory effects of TP-10 on cortically evoked firing. For these experiments, we first performed a within-subjects temporal analysis (individual cells were recorded as above at 10 min intervals starting at time 0 (predrug) and again every 10 min for 1 h after drug) to track the effects of TP-10 (3.2 mg/kg, s.c.) administration on cortically evoked responses in WT and nNOS KO mice. No significant difference in spike probability (titrated to 50% by the experimenter) was observed between WT and nNOS KO mice, indicating that currents were accurately titrated so as to allow for comparisons of drug effects across genotypes ( Fig. 5A ; p Ͼ 0.05, t test). Consistent with the above studies, MSNs recorded in nNOS KO mice required significantly higher current amplitudes to evoke spike activity ϳ50% of the time ( Fig. 5B; p Ͻ 0.05, t test) . Next, we compared the effects of TP-10-mediated changes in cortically evoked spike activity in Figure 2 . Effects of intrastriatal infusion of the selective sGC inhibitor ODQ and the selective AC inhibitor SQ 22536 on TP-10-mediated facilitation of cortically evoked activity. All cells were recorded proximal to a microdialysis probe during aCSF, ODQ (50 M), or SQ 22536 (100 M) infusion. A, Top, Local ODQ infusion did not affect the mean Ϯ SEM probability of eliciting spike activity during cortical stimulation in vehicle-treated rats ( p Ͼ 0.05). However, the same pretreatment (Ն20 min) of ODQ blocked the TP-10-mediated increase in the mean Ϯ SEM probability of eliciting spike activity during cortical stimulation (*p Ͻ 0.05, ***p Ͻ 0.001, two-way ANOVA, Tukey post hoc test compared with the TP-10/vehicle-treated group). Bottom, No significant changes in the mean Ϯ SEM spike onset latency were observed following ODQ infusion in vehicle-or TP-10-treated groups ( p Ͼ 0.05). Results are based on n ϭ 19 -26 cells/8 -12 rats per group. B, Top, Local SQ 22536 infusion did not affect the TP-10-mediated increase in the mean Ϯ SEM probability of eliciting spike activity during cortical stimulation ( # p ϭ 0.054, *p Ͻ 0.05, ** p Ͻ 0.01, two-way ANOVA, Tukey post hoc test). Bottom, No significant changes in the mean Ϯ SEM spike onset latency were observed following SQ 22536 infusion in vehicle-or TP-10-treated groups ( p Ͼ 0.05). Results are based on n ϭ 20 -26 cells/8 or 9 rats per group. WT and nNOS KO mice (Fig. 5C ). Significant main effects of time after drug were observed on the current intensity required to evoke spike activity 50% of the time (F (4,40) ϭ 6.98, p Ͻ 0.001; two-way repeated-measures ANOVA and Tukey post hoc test). Significant interactions were observed between time after drug and genotype (F (1,40) ϭ 2.61, p Ͻ 0.05; two-way repeatedmeasures ANOVA and Tukey post hoc test). Pairwise comparisons revealed that TP-10 administration induced a facilitatory effect on cortically evoked spike activity in the WT group as significant reductions in current intensity required to evoke spike activity 50% of the time were observed 40 -60 min after drug ( p Ͻ 0.05 compared with 10 -20 min measures). Conversely, TP-10 did not change the current intensity required to evoke spike activity 50% of the time in nNOS KO mice ( p Ͼ 0.05), indicating that NO-derived from nNOS is necessary for the initial facilitatory effects of PDE10A inhibition on cortically evoked firing. No significant differences in the onset latency, SD of latency, or spontaneous firing activity were observed across groups ( p Ͼ 0.05; data not shown).
To further assess the role of nNOS in the above effects, we conducted a between-subjects analysis of cortically evoked and spontaneous activity in a separate subpopulation of striatal MSNs recorded in the same mice immediately after the within-subjects studies. These studies were performed 70 -180 min after TP-10 administration. This time period was selected based on previous work showing that systemic TP-10 administration (dose used herein) produces a peak increase in tissue cGMP and cAMP 60 -180 min after injection . No significant difference in spike probability (titrated to 50% by the experimenter) was observed between WT and nNOS KO mice, indicating that currents were accurately titrated across groups (Fig.  6 A, B ; p Ͼ 0.05, t test). Comparisons of the effects of TP-10 administration across genotypes indicated that MSNs recorded in nNOS KO mice were less responsive to drug than WT controls ( Fig. 6C ; p Ͻ 0.001, t test). Similar outcomes were apparent for measures of onset latency of cortically evoked spikes ( Fig. 6D ; p Ͻ 0.05, t test). No significant difference in the proportion of spontaneously firing to quiescent MSNs was found between genotypes after TP-10 administration ( Fig. 6E ; p Ͼ 0.05; 2 test). TP-10 administration had a tendency to increase the firing rate of MSNs recorded in the WT striatum compared with nNOS KO mice; however, this effect did not reach significance ( Fig. 6F ; p ϭ 0.0827; t test). TP-10 administration did not alter the coefficient of variance of the interspike interval of spontaneous spikes (Fig. 6G ).
Discussion
The current study found that systemic TP-10 administration robustly increases the responsiveness of MSNs recorded in WT rats and mice to excitatory corticostriatal transmission driven by stimulation of the frontal cortex. These observations are consistent with our previous work, which showed that systemic and intrastriatal administration of TP-10 facilitated cortically evoked activity (Threlfell et al., 2009 ). Importantly, we now report that sGC inhibition, but not AC inhibition, blocks the facilitatory effects of TP-10. Further studies in nNOS KO mice revealed that TP-10-induced increases in cGMP levels and cortically evoked spike activity are dependent on intact NO transmission; thus, it is likely that PDE10A acts to filter asynchronous or weak cortical input to MSNs by specifically suppressing NO-sGCcGMP signaling. There were no significant changes in spontaneous firing activity across treatment groups ( p Ͼ 0.05; one-way ANOVA). Groups sizes for spontaneously active cells were n ϭ 8 -12. Group sizes for all cells (active and quiescent) were n ϭ 18 -26.
Modulation of striatal MSN spike activity by PDE10A regulation of NO-sGC-cGMP signaling PDE10A functions as a dual-substrate enzyme, acting to degrade both cGMP and cAMP (Bender and Beavo, 2006) . Therefore, the effects observed following TP-10 administration may have been mediated by either or both of these cyclic nucleotides. Several studies published by our laboratory and others have shown that, under physiological conditions, drugs that elevate cAMP or cGMP concentrations in MSNs (e.g., PDE inhibitors, cyclase activators, NO generators in the case of cGMP) augment spontaneous and evoked corticostriatal transmission (Threlfell and West, 2013) . Furthermore, studies using zaprinast or papaverine to inhibit PDEs, which selectively degrade cGMP, have shown that PDE inhibition robustly facilitates corticostriatal transmission (Threlfell and West, 2013) . Thus, intracellular injection of zaprinast or papaverine increased the duration of spontaneous "up states" driven in the intact striatum by cortical activity and depolarized the resting membrane potential of striatal MSNs. Conversely, drugs that attenuate cyclic nucleotide synthesis or block protein kinase activity have opposite effects (Colwell and Levine, 1995 (Mallet et al., 2005) . Although not frequently encountered, fast spiking interneurons (FSIs) were distinguished from MSNs by their short-latency response to cortical stimulation, rapid firing pattern, and short duration action potential (Ͻ0.95 ms). FSIs were not included in this study. D, Spike probability was titrated to ϳ50% by the experimenter,andnodifferencesintheprobabilityofresponsesevokedbycorticalstimulationwereobservedbetweenWTandnNOSKOmice,indicatingthatcurrentsweretitratedaccuratelyacrossgroups(pϾ 0.05; t test). E, Striatal MSNs recorded in nNOS KO mice showed decreased responsiveness to cortical stimulation. Thus, an increase in the current intensity required to elicit spike activity ϳ50% of the time was observed in nNOS KO mice. ***p Ͻ 0.001 (t test). F, No difference in the mean Ϯ SEM onset latency of cortically evoked spikes was observed in MSNs recorded in WT and nNOS KO mice (p Ͼ 0.05; t test). D-F, Dataarederivedfromnϭ43WTMSNs(9mice)andnϭ26nNOSKOMSNs(8mice).G,PercentageofcellsthatrespondedrobustlytocorticalstimulationthatwerefiringorquiescentinWTandnNOSmice.The number of cells that are quiescent or firing is indicated within the percentage bars. An overall decrease in the population of spontaneously firing MSNs recorded was observed in the striatum of nNOS KO mice comparedwithWTcontrols.*pϽ0.05( 2 test).H,I,NodifferenceinthemeanϮSEMfiringrateorcoefficientofvariance(CV)oftheinterspikeinterval(ISI)ofspontaneouslyfiringstriatalMSNswasobserved across groups (p Ͼ 0.05; t test). Data are derived from n ϭ 42 WT and n ϭ 25 nNOS KO MSNs (9 mice per group).
The demonstration that ODQ blocked TP-10 mediated facilitation of cortically evoked spike activity, while SQ 22536 was without effect, strongly suggests that cGMP is primarily responsible for the observed effects of TP-10. Although intrastriatal infusion of ODQ alone at a concentration of 50 M did not alter cortically evoked activity, we have observed that higher doses of ODQ can suppress cortically evoked firing in a manner similar to that observed following systemic administration of this compound (Sammut et al., 2010) . Furthermore, systemic ODQ administration attenuates cortically evoked postsynaptic potentials (PSPs) recorded in the striatum in a manner that is reversed by intrastriatal infusion of the cGMP analog 8-Br-cGMP (Tseng et al., 2011) . Previous studies have also shown that intracellular application of ODQ suppresses spontaneous glutamate-driven depolarizing up states and firing activity evoked in MSNs by depolarizing current pulses (West and Grace, 2004) . Importantly, both of these effects of ODQ were reversed by coapplication of cGMP. Together, these studies indicate that inhibition of cGMP metabolism induced by TP-10 leads to a cGMPmediated upregulation of corticostriatal transmission.
In addition to nNOS, cGMP tone is thought to be maintained in part in the striatum by other constitutively active enzymes, including endothelial NOS and particulate guanylyl cyclase (Threlfell and West, 2013) . Thus, nNOS KO mice were used in a separate set of experiments to probe the role of nNOS as an upstream mediator of the PDE10A inhibitor effects on cGMP accumulation and cortically evoked firing. Consistent with previous observations , TP-10 administration resulted in significant increases in striatal tissue concentrations of both cGMP and cAMP in WT animals. Concentrations of cGMP were reduced to near undetectable levels in the striatum of vehicle-treated nNOS KO animals, whereas cAMP concentrations were comparable with WT controls. Moreover, although TP-10 treatment produced the expected increase in cAMP, it did not produce a significant increase in striatal cGMP in nNOS KO mice, indicating that nNOS operates upstream of sGC and the pool of cGMP mediating the effects of TP-10 on corticostriatal transmission. Consistent with this, the current electrophysiological studies in nNOS KO mice showed that loss of nNOS function is sufficient to block the initial excitatory effects of TP-10 on cortically evoked activity.
We also examined the impact of genetic deletion of nNOS on spontaneous and cortically evoked MSN activity. We found that nNOS KO mice were substantially less responsive to cortical drive compared with their WT counterparts. Recordings of basal activity revealed that the striatum of nNOS KO mice is exceptionally "quiet" as substantially fewer cells (24%) exhibited spontaneously firing activity compared with WT controls (50%). Together, these observations are highly consistent with a growing body of pharmacological studies indicating that tonic NO acts to facilitate spontaneous MSN firing and corticostriatal transmission in the intact striatum (West, 2010; West and Tseng, 2011; Threlfell and West, 2013) . For example, we have reported that systemic administration of the nNOS inhibitor 7-nitroindazole potently inhibited the spontaneous firing activity of striatal neurons isolated during low-frequency cortical stimulation (Ondracek et al., 2008) . Further studies using intracellular recordings in vivo showed that disruption of local NO signaling using intrastriatal application of 7-nitroindazole or the NO scavenger CPT-IO depressed glutamate-driven up states and evoked EPSPs, and decreased the responsiveness of identified MSNs to somatic injection of depolarizing current (West and Grace, 2004) . The inhibitory effects of CPT-IO on neuronal activity were reversed by coapplication of cGMP analogs, indicating that, in the intact striatum, endogenous tonic NO-cGMP signaling increases the membrane excitability of MSNs and their responsiveness to excitatory glutamatergic transmission (West and Grace, 2004) . In support of the above findings, recent studies combining electrochemical and electrophysiological approaches have shown that local infusion of the nonselective NOS inhibitor N G -nitro-Larginine methyl ester attenuates both glutamate and aspartate release, as well as PSPs recorded in the dorsolateral nucleus accumbens during electrical stimulation of the thalamus (Kraus et al., 2014) . Additionally, microiontophoresis of the NO generator sodium nitroprusside was shown to increase the spontaneous firing rate of Ͼ75% of recorded striatal neurons and to facilitate glutamate-evoked firing in a subpopulation of putative MSNs (Liu et al., 2005) . These investigators also reported that microiontophoresis of N G -nitro-L-arginine methyl ester produced opposite effects on glutamate-evoked firing (Liu et al., 2005) . Furthermore, we have shown that burst stimulation of frontal cortical afferents in the intact animal activates a powerful feedforward excitation of MSN activity, which is mediated by phasic NO signaling and sensitive to nNOS inhibitor administration (Ondracek et al., 2008) .
Together, the current findings in nNOS KO mice and the studies discussed above indicate that in the intact striatum NOsGC-cGMP signaling primarily acts to facilitate glutamate transmission and that this pathway is strongly downregulated by activation of PDE10A. While the mechanisms downstream of cGMP are not presently known, activation of DA and cAMP regulated phosphoprotein MW 32 kDa (DARPP-32) is thought to play a critical role in mediating many of the neuromodulatory effects of NO on local striatal glutamatergic transmission (Greengard, 2001). The PKG-mediated phosphorylation of DARPP-32 Figure 5 . Genetic deletion of nNOS blocks cortically evoked spike activity elicited by PDE10 inhibitor administration: withinsubjects studies. A, Spike probability was titrated to ϳ50% by the experimenter, and no differences in the probability of responses evoked by cortical stimulation were observed between WT and nNOS KO mice, indicating that currents were titrated accurately across groups ( p Ͼ 0.05; t test). B, Striatal MSNs recorded in nNOS KO mice exhibited decreased responsiveness to cortical stimulation. Thus, an increase in the current intensity required to elicit spike activity ϳ50% of the time was observed in nNOS KO mice. *p Ͻ 0.05 (t test). C, Pairwise comparisons revealed that TP-10 administration induced a facilitatory effect on cortically evoked spike activity in the WT group as significant reductions in current intensity required to evoke spike activity 50% of the time were observed 40 -60 min after drug ( # p Ͻ 0.05; **p Ͻ 0.01 compared with 10 -20 min postdrug measures; two-way ANOVA, Tukey post hoc test). In nNOS KO mice, TP-10 did not change the current intensity required to evoke spike activity 50% of the time ( p Ͼ 0.05, two-way repeated-measures ANOVA). Results are derived from n ϭ 6 cells/6 mice per group.
activates the inhibitory phosphatase action of DARPP-32 and drives the dephosphorylation and inhibition of protein phosphatase-1, which can impact on the activity of numerous ion channels controlling membrane excitability.
Implications for the treatment of neurological and psychiatric disorders
The ability of PDE10A inhibitors to facilitate corticostriatal transmission is of considerable relevance for the treatment of a number of CNS disorders associated with disturbances in striatal function. (Sancesario et al., 2004; , and Huntington's disease (HD) (Hebb and Robertson, 2007; Giampà et al., 2009 Giampà et al., , 2010 Kleiman et al., 2011) . All of these disorders are associated with abnormal corticostriatal neurotransmission (Shepherd, 2013) , a function strongly influenced by striatal cyclic nucleotide signaling (Greengard, 2001) . Observations that striatal cAMP/cGMP levels are reduced in hyperdopaminergic states further suggest that PDE inhibitors may be beneficial for restoring cyclic nucleotide homeostasis in the pathologically impaired striatum (Kostowski et al., 1976; Siuciak et al., 2006a; Picconi et al., 2011) . Given that DA transmission is thought to be increased in early HD, it is plausible that overactive DA D2 receptor activation may reduce cyclic nucleotide tone and contribute to abnormali- Figure 6 . Genetic deletion of nNOS attenuates cortically evoked spike activity elicited by PDE10 inhibitor administration: between-subjects studies. A, Representative traces of cortically evoked spike activity of a single unit recorded in a WT (left) and nNOS KO (right) mouse after TP-10 administration. Ten superimposed traces of cortically evoked spike responses from a single striatal MSN are shown. Arrow indicates stimulus artifact. B, Spike probability was titrated to ϳ50% by the experimenter, and no differences in the probability of responses evoked by cortical stimulation were observed between WT and nNOS KO mice, indicating that currents were titrated accurately across groups ( p Ͼ 0.05; t test). C, Striatal MSNs recorded in nNOS KO mice in the presence of the PDE10A inhibitor exhibited decreased responsiveness to cortical stimulation compared with WT controls. Thus, an increase in the mean Ϯ SEM current intensity required to elicit spike activity ϳ50% of the time was observed in nNOS KO mice. ***p Ͻ 0.001 (t test). D, Striatal MSNs recorded in nNOS KO mice in the presence of the PDE10A inhibitor also exhibited an increase in the mean Ϯ SEM onset latency of cortically evoked spikes compared with WT controls. *p Ͻ 0.05 (t test). B-D, Data are derived from n ϭ 23 WT and n ϭ 29 nNOS KO MSNs (8 mice per group). E, Percentage of cells that responded robustly to cortical stimulation that were firing or quiescent in the WT and nNOS mice (the number of cells for each condition is indicated within the percentage bars). There was no statistical difference in the population of spontaneously firing activity of cortically driven MSNs recorded in the striatum of WT and nNOS KO mice after TP-10 injection ( p Ͼ 0.05; 2 test). F, A trend toward a decrease in the mean Ϯ SEM firing rate of MSNs recorded in the striatum of nNOS KO mice was observed after TP-10 injection compared with WT controls.
# p ϭ 0.0827 (t test). G, No difference in the mean Ϯ SEM coefficient of variance (CV) of the interspike interval (ISI) of spontaneously firing activity was observed between WT and nNOS KO mice after TP-10 injection ( p Ͼ 0.05; t test).
ties in basal ganglia function and hyperactive movement observed in HD. Indeed, studies of HD knock-in mice have shown that steady-state levels of striatal cAMP are decreased in presymptomatic animals (Gines et al., 2003) , a finding that is consistent with measures of CSF cAMP levels in HD patients (Cramer et al., 1984) . In addition, although NOS-positive neurons are generally considered to be spared in HD, there are reports of reduced nNOS mRNA in postmortem tissue from HD subjects (Norris et al., 1996) and in several mouse HD models (Deckel, 2001; Pérez-Severiano et al., 2002) . Given the above reports, it is plausible that selective PDE10A inhibitors and sGC activators will be useful therapeutic agents for facilitating corticostriatal transmission in pathophysiological conditions associated with basal ganglia dysfunction.
